The high level of meat and saturated fat consumption in the USA and other highincome countries exceeds nutritional needs and contributes to high rates of chronic diseases such as cardiovascular disease, diabetes mellitus and some cancers. Affluent citizens in middle-and low-income countries are adopting similar high-meat diets and experiencing increased rates of these same chronic diseases. The industrial agricultural system, now the predominant form of agriculture in the USA and increasingly world-wide, has consequences for public health owing to its extensive use of fertilisers and pesticides, unsustainable use of resources and environmental pollution. In industrial animal production there are public health concerns surrounding feed formulations that include animal tissues, arsenic and antibiotics as well as occupational health risks and risks for nearby communities. It is of paramount importance for public health professionals to become aware of and involved in how our food is produced.
We live in a world of stark contradictions, where one billion people are overweight or obese and another one billion lack adequate food resources, despite the fact that current world food production could feed the 6.3 billion people on Earth if distributed equitably and based on a diet with only moderate amounts of animal products 1, 2 . Food security experts question the capacity of the world's agricultural land to produce food sufficient to feed a growing world population, now expected to stabilise at about 9 billion in 2050 3, 4 , in addition to providing adequate calories and improving dietary composition for the billion poorest in the world 2 . This problem is exacerbated by the loss of cropland to urban development, desertification, erosion and salinisation. In a world of increasing population, the fact that available cropland has decreased in the last 40 years from 0.5 to 0.23 hectares per capita is a serious reminder that agricultural production deserves more attention from policy-makers and public health professionals 5 . Growing numbers of people world-wide are adopting energy-dense diets high in animal protein and fat 2 . Although meat is not an essential component of the human diet, for the millions of people who are threatened with malnutrition, improving access to nutrient-rich animal source foods is an easy way to improve nutritional status. Animal products, however, are the primary source of saturated fat responsible for higher risk of cardiovascular disease, diabetes mellitus and some cancers. Meat itself is also associated with increased risk of some cancers 6 -12 . An important public health challenge is to provide adequate amounts of protein and essential nutrients without also causing over-consumption of saturated fat.
Industrial methods of producing and processing animals for food within a vertically integrated industry (one corporate entity controls nearly every aspect of production and processing) is now well established in the USA for poultry, pork and beef. The increasing prevalence of these industrial methods in the USA and throughout the world, in part to satisfy a growing demand for meat, poses new public health threats. A high-meat diet also consumes many more resources than a plant-based diet. When grain supplies are fed to livestock rather than directly to humans, a significant amount of energy and resources is lost in converting grain calories to meat calories. More grain will be needed in the future just to meet the needs of an increasing population and to improve nutrition. In addition, it is estimated that global demand for meat will almost double by 2020, putting additional strain on limited resources and hampering our ability to feed the growing population 3 . High-income nations feed over 60% of grain to livestock compared with low-income countries, where people consume most grain directly 2, 13 . The proportion of grain fed to livestock is already increasing in many nations. For instance, grain fed to livestock increased by 31% in China and 63% in Indonesia during the 1990s 3 . The present paper discusses the world-wide increases in consumption of industrially produced meat and other animal products, the related issues of growing grain for animal feed, and the public health implications of the accompanying transitions in agriculture and livestock production. While the discussion and data presented in the paper focus on the US experience, these same issues and problems are emerging globally as the industrial animal production (IAP) model is adopted and per capita meat consumption increases. Diets high in meat and animal products are resource-intensive and current IAP methods harm the health of the public and the environment 14 . Thus, dietary trends and food production methods are important issues for the public health community to address.
Nutritional considerations of high-meat diets
The US population typically consumes diets high in meat and saturated fat and low in fruits, vegetables and whole grains. This dietary pattern increases the risk for heart disease, certain types of cancer, stroke and diabetes -four of the leading causes of death in the USA. The costs due to poor diet for just these four diseases are estimated to exceed $33 billion per annum 15 . On the other hand, high intakes of fruits, vegetables and whole grains and 'Mediterranean' dietary patterns, typically high in plantbased foods and unsaturated fats, lower the incidence of chronic diseases and their risk factors, including body mass index and obesity 16 -21 . Animal source foods provide a variety of important nutrients not easily obtained from plant foods, particularly lysine, bioavailable iron and zinc. Contrary to popular belief, the proteins from animal foods are only slightly superior in quality and utilisation than the proteins from plant foods 22 . Meat, however, can play a key role in preventing iron-deficiency anaemia, which is common in low-income countries and certain populations in middleand high-income countries. Small amounts of meat in the diet provide easily absorbable haem iron and also enhance iron absorption from plant foods 22 . Meat and dairy foods contribute all of the cholesterol and the great majority of the saturated fat to the diet typical in the USA. Although dietary fats play an important role in a variety of biological functions, dietary saturated fats have no identified health benefits or minimum safe intake levels. The latest Dietary Reference Intakes for macronutrients recommend a saturated fat intake as low as possible while consuming a nutritionally adequate diet 23 . As societies develop economically, sources of dietary fat often change as animal food products replace some cereal and fibre intake 14, 24 .
Meat is not a necessary component of a well-planned diet. Ovo-lacto vegetarian diets that include eggs and lowfat dairy products can easily be nutritionally adequate, and current research suggests that plant-based diets may lower the risk for chronic diseases 25, 26 . One study suggests that diets high in animal protein, regardless of fat content, increase the risk of cardiovascular mortality 27 . The American Dietetic Association 25 states, 'Vegetarian diets offer a number of nutritional benefits, including lower levels of saturated fat, cholesterol, and animal protein as well as higher levels of carbohydrates, fiber, magnesium, potassium, folate, and antioxidants such as vitamins C and E and phytochemicals. Vegetarians have been reported to have lower body mass indices than non-vegetarians, as well as lower rates of death from ischemic heart disease; vegetarians also show lower blood cholesterol levels; lower blood pressure; and lower rates of hypertension, type 2 diabetes, and prostate and colon cancer'.
Demand for meat in the USA continues to grow, particularly for poultry 28, 29 (see Fig. 1 ). The American Heart Association recommends an upper limit of 138 lb (62.6 kg) of lean meat per person each year, more than 80 lb (36.3 kg) less than the current average US consumption of 222 lb (100.7 kg) 30, 31 . Americans consume about 10 billion animals each year, not including fish, averaging, for a family of four, 120 chickens, four pigs and one cow 32 . The average American derives 67% of dietary protein from animal sources, compared with a world-wide average of 34% 33 . While some high-income countries are attempting to improve dietary choices and curb excessive food consumption, middle-and low-income countries are adopting the food systems and diets of high-income countries 3, 34 . Annual global meat production is expected to increase from 218 million tons in 1997-1999 to 376 million tons by 2030 35 . In the poorest countries, especially in some regions of Africa where protein, iron and micronutrient deficiencies are most common, a moderate increase in meat and dairy food consumption will certainly improve the nutritional adequacy of diets (especially bioavailability of iron and lysine) and improve health outcomes 35 . In addition, small-scale livestock production may help improve household food security and alleviate poverty. The Food and Agriculture Organization of the United Nations has found that village chicken production can help rural communities in Africa move from subsistence activities to more economically viable levels of production that benefit the community 36 . There is much debate, however, about whether the current food production system will be able to meet the envisioned growth in meat consumption on a global scale irrespective of meeting the challenge of a more equitable -and healthier -distribution of animal products.
The agriculture system and grain feed production Agriculture developed over 10 000 years ago. Since World War II, traditional food production has been replaced by a system of industrial agriculture that relies on synthetic inputs such as chemical fertilisers and pesticides, extensive irrigation, fossil fuel, monocropping, harvest mechanisation and the development of high-yielding plant varieties. During the past half century, this industrial approach to agriculture has resulted in spectacular increases in productivity. For example, in 1999, US farmers produced about 134 bushels of corn per acre compared with only 30 in 1920, an increased yield of nearly 350% 33 . But this tremendous increase in crop yields per acre comes at great cost to the health of the environment, workers and the public.
These costs are commonly referred to as 'externalities' because they are not included in either the retail price of the product or in analyses of the industry's productivity. Externalities of the industrial agriculture system include the depletion of resources such as fossil fuel, water, soil and biodiversity; pollution of the environment by the products of fuel combustion, pesticides and fertilisers; and economic costs to communities. A sustainable agricultural system will need to include these externalities when balancing inputs and outputs 33, 37 . Government subsidies may also promote unsustainable use of resources. For instance, subsidies for water in arid areas promote agriculture requiring heavy irrigation, often at the cost of depleting fossil aquifers. Irrigation has transformed agriculture by increasing yields and extending cultivation to arid regions. Approximately two-thirds of water use world-wide is now devoted to irrigation 38 , but the current rate of water use for irrigation is unsustainable.
The Stockholm International Water Institute 2004 report, presented to the United Nations Commission on Sustainable Development, emphasised the direct relationship between the availability of water and the world's ability to meet the nutrition requirements of the population 39 . Throughout the world, aquifers are being depleted for irrigation faster than the hydrologic cycle can replenish them (e.g. the Ogallala aquifer in the US Midwest, and aquifers in the northern plain of China, the Punjab and the Middle East) 14 . Water is a vital resource, and therefore must be priced appropriately if rational, more efficient and sustainable practices are to be widely adopted in agriculture 37 . Industrial agriculture also relies heavily on chemical fertilisers, pesticides and herbicides. World-wide use of these chemical inputs has increased dramatically since World War II. Global agriculture uses 3 million tons of pesticides each year. Over 1600 chemicals are used in the manufacture of pesticides and most have not been tested for toxic effects on humans 33 . Agricultural runoff pollutes ground and surface waters with large amounts of nitrogen and phosphorus from fertilisers, pesticides and agricultural waste. According to the US Environmental Protection Agency (EPA) 40 in congressional testimony, agriculture is the main source of pollution in US rivers: 'Based on . . . reports from all 50 States, we [the EPA] estimate[s] that agriculture generates pollutants that degrade aquatic life or interfere with public use of 173,629 river miles (i.e. 25% of all river miles surveyed) and contributes to 70% of all water quality problems identified in rivers and streams'.
Pesticides pose many human health risks including acute poisoning, long-term effects on the immune, reproductive and nervous systems, and increased cancer risk 33 . Exposure to these harmful chemicals can occur either by direct contact or by consuming contaminated food or water. Some pesticides 'bioaccumulate' in fatty tissues in a similar manner to dioxin, thereby increasing the risk from exposure (see Box 1 41 ). Low-and middleincome countries bear an additional public health burden Box 1 -Relationship of environmental pollutants, animal feed and human health Persistent organic pollutants such as dioxins, furans and polychlorinated bromides enter the human food chain through the diets of food animals. The source of these organic compounds for food animals is contaminated forage and soils and the animal feed, which contains about 11 £ 10 9 lb (4.9 £ 10 9 kg) of recycled animal fat per year in the USA. Once ingested, the dioxins and other compounds are absorbed and stored in the fat of the animal. By continually re-feeding fat from such animals back to other animals, the dioxins are concentrated more and more, a process called bioaccumulation. When humans consume animal fat in meat and dairy products, they are exposed to these pollutants that are carcinogenic and toxic to the developing nervous system of the foetus and to young children. The Institute of Medicine Dioxin Study Committee recommended that animal producers should, 'Reduce or eliminate the use of animal fats and oils, which may be high in DLCs [dioxin-like compounds], as ingredients in animal feeds'. Removing fat from animal feed would break this cycle and reduce dioxin levels in the food supply 41 . from the use of pesticides that have been banned for use, but not production, in the US and Europe.
Overview of industrial animal production
The industrialisation of grain production has produced yields sufficient in the short term to feed larger numbers of animals than could be raised sustainably on grass and traditional sources of forage. IAP methods produce large quantities of protein through an inefficient conversion of grain to protein. Cattle, for example, require 7 kg of grain to produce 1 kg of beef, whereas pigs require 4 kg of grain to produce 1 kg of pork, and poultry require only 2 kg of grain to produce 1 kg of poultry 33, 42 . In addition, the amount of water required to produce protein by IAP includes both that which is consumed directly by the animals and the approximately 1000 tons of water needed to grow 1 ton of grain for feed 43 .
The industrial system of growing and processing large numbers of animals in heavy concentrations was first used in the 1930s and 1940s in the poultry industry. The beef cattle, pig, dairy and some aquaculture industries (see Box 2 44 -47 ) have now adopted industrial procedures. In IAP, animals grow to market weight in facilities known as concentrated animal feeding operations (CAFOs). The US EPA criteria for large CAFO designation are speciesspecific and indicate the minimum number of animals at the operation: large CAFOs are operations with more than 1000 cattle (or cow/calf pairs), more than 2500 swine (weighing over 55 lb (25 kg)), and more than 125 000 chickens not including laying hens 48 . CAFOs now dominate US livestock and poultry production. In the USA in 1966, 57 million pigs were distributed among one million farms; in 2001 these same 57 million pigs were raised on 80 000 farms, and over half were raised in just 5000 facilities 49 (see Figs 2 and 3 ). Vertical integration of the industry has occurred along with industrialisation of production systems and methods, with just a few corporations now dominating all animal production in the USA. Typically, one corporation owns and controls virtually all aspects of production -from formulating the feed, breeding the chicks or pigs and growing the animals to market weight, to processing ('meat packing') and shipping finished cuts of meat to market.
IAP impacts the environment and public health in many ways. The documented harmful health effects of CAFOs motivated the American Public Health Association in 2003 to adopt a resolution calling for a moratorium on the building of new CAFOs until additional data can be gathered and policies implemented to protect public health 50 .
Public health impacts of industrial animal production
In addition to producing large quantities of meat, CAFOs also contribute vast amounts of waste to the environment, including manure, urine, carcasses, excess feed and feathers. As of 1997, animals in the US IAP system produced a grand total of approximately 1.4 billion tons of waste. This is equivalent to about 5 tons of animal waste for each person in the USA 33 . For instance, since a pig produces about four times as much solid waste as an average person, a typical CAFO of 5000 pigs is equivalent to a small city of 20 000 people with no sewage treatment plant 51 .
Box 2 -Aquaculture
Industrial production of fish (also called aquaculture or 'fish farming') is the newest application of industrial methods to producing animal protein and has increased rapidly during the past 30 years. The public health implications of the industrial methods used to grow aquatic species are similar to the public health implications of the industrial production of meat and poultry. Aquaculture has expanded without consideration for the potential ecological effects such as habitat destruction, nutrient discharge and chemical pollution that may have consequences on other aquatic species as well as public health impacts 44 . The severity of these impacts depends on the type of system used for that particular species; for instance, open-ocean pens for salmon versus closed land-based tanks for catfish. Also, since it takes 2-5 lb (0.9 -2.3 kg) of wild caught ocean fish to produce 1 lb (0.45 kg) of farmed fish, aquaculture is contributing to the destruction of ocean fisheries 44 . Consumers are faced with a dilemma in deciding which fish to include in their diets and how much. Many species of fish have high amounts of healthy omega-3 and omega-6 fatty acids. Carnivorous fish such as tuna, swordfish, mackerel and tile fish bioaccumulate persistent organic pollutants in their fatty tissue as they grow larger. Farmed fish, however, have higher concentrations of polychlorinated bromides and dioxin due to ingestion of formulated aquaculture feed. According to some researchers, wild fish species are less likely to have cancer-causing pollutants than farm-raised fish 45 . Ingestion of methyl mercury in the tissues of these same fish species by pregnant women can cause neurotoxic effects in the developing foetus 46 . The US Food and Drug Administration and Environmental Protection Agency now discourage consumption of the above fish species by women of childbearing age, pregnant and nursing women and young children -all of whom are at greatest risk from mercury toxicity.
Despite these risks, many experts believe that for most adults the nutritional benefits of omega-3 fatty acids outweigh the risk from pollutant exposure 47 .
Serious public health risks result 33, 52, 53 . CAFOs produce more waste than can be used on nearby fields as fertiliser. The waste is expensive to transport, and storage and disposal of CAFO waste is difficult because of the sheer volume produced. Storage pits for pig waste or poultry manure piles leak their contents into groundwater and streams and become even more problematic if sited in a flood plain or below the water table. Wastes from storage pits are subsequently spread or sprayed on land near the CAFO, and this application can pollute the air and water 54 . Levels of phosphorus and nitrogen in the waste often exceed what the crops can utilise or the soil can retain. Excess nutrients contaminate surface waters and streams, causing eutrophication of nearby water bodies 49, 54 . In addition to environmental impacts, CAFO waste creates many public health risks 50, 52 . Central to these concerns is the fact that in addition to grains, animal feeds may also include animal wastes, animal tissues, animal by-products and other additives that end up contaminating human food or the environment. Many feed ingredients used in CAFOs pass through the animal directly into manure, including heavy metals such as arsenic, antibiotics, nitrogen and phosphorus 55 -57 . The manure also contains dust, mould, pathogenic bacteria and bacterial endotoxins 50, 58 . The need for increased public health scrutiny of IAP animal feed composition was highlighted in 2003 when a cow in the US meat production system was found to have bovine spongiform encephalopathy (BSE or 'mad cow disease'). BSE is a transmissible, neurodegenerative, fatal disease of cattle with an incubation period of 4-5 years. Animal feed that includes BSE-contaminated tissue (i.e. brain, spinal cord, etc.) is a prime way for the disease to spread.
Other CAFO public health threats include direct health risks to workers, consumers and the community in addition to indirect health risks mediated by environmental pathways. Figure 4 illustrates these relationships.
Antibiotics at sub-therapeutic levels, as well as arsenic and other metal compounds, are used in animal feeds to promote growth of the animals in IAP. The Union of Concerned Scientists estimates that more than 70% of all antibiotics produced in the USA are used in animal production. Many of these antibiotics are closely related to those used to treat infections in humans. Resistant strains of bacteria that develop in CAFO animals threaten the usefulness of these medicines in treating humans 59 . In addition, 25-75% of antibiotics pass unchanged from feed to manure and create risks to soil and water quality 60 . In 1997, the World Health Organization recommended the end of non-therapeutic use of antibiotics in animal husbandry because resistant strains of human pathogens had been identified CAFO-generated wastes also contain pathogens that can cause disease in humans, including Salmonella, Campylobacter and Cryptosporidium, and can pollute drinking water with nitrates in concentrations potentially fatal to infants 63 . Organic dust, bacterial endotoxins and manure-generated compounds such as ammonia and hydrogen sulfide are also found in CAFO-generated wastes 64 . Many of the exposures to pollutants from IAP operations are intensified for employees and the people living in the surrounding communities. Air polluted with ammonia, sulfur dioxide and dust from CAFOs is harming the health of both workers and residents living downwind from these operations. Published studies have documented a variety of contaminants, microbial agents and health effects in workers exposed to swine 52,53,65 -67 . These studies provide the groundwork for an increasing body of research to evaluate possible community health effects. Just as second-hand smoke affects not just the smoker but also impacts the health of those nearby, the process of producing cheap meat can cause health effects not only for workers but also for their families and local community members.
As many as 30% of CAFO workers suffer from occupational respiratory diseases such as acute and chronic asthma 33 . In addition, CAFO workers experience numerous occupational health hazards from manure gases, odours and degradation products; bacteria; endotoxins; and dust 49 . Current studies are measuring the extent to which poultry workers have antibioticresistant strains of bacteria in their systems, develop clinical infections, or become carriers for infections via direct contact with diseased animals or breathing CAFO air. Workers in IAP processing plants also suffer high rates of worker injury and repetitive motion syndrome, and report a lack of proper protective equipment 68, 69 . These workers lack adequate health benefits, and the cost of their occupational health problems is not reflected in the current pricing of meat for the consumer.
Residents in rural communities are generally excluded from decisions to build new CAFOs, but they often suffer serious consequences such as diminished quality of life, reduction in property values, the presence of unbearable odours and contaminated wells once CAFOs arrive 58, 70 . Community members and children of CAFO operators are also exposed to pollutants from CAFOs. A University of Iowa study found that people living near large-scale pig facilities reported higher incidence of headaches, respiratory problems, eye irritation, nausea, weakness, and chest tightness 71 . Children of CAFO operators in Iowa have higher rates of asthma than do other farm children 67 . Three studies have documented increased rates of physical and mental illness among people living near CAFOs 52 . Additional studies are needed to assess the full health effects of different forms of pollution, noise levels and odours on nearby residents. These social and health costs are also 'externalised' from the pricing system for cheap meat.
Conclusion
The public health implications of the industrial agricultural system, and in particular IAP, are becoming clearer each year. The direct health effects on workers, community members and consumers from chemical pesticides and fertilisers, antibiotic-resistant organisms, respiratory irritants and work-related injuries are increasingly attributed to IAP. Indirect environmental effects also have farreaching implications. Unsustainable IAP use of resources includes degradation and loss of soil, consumption of fossil fuels and extraction of water from fossil aquifers. In addition, pollution of land, streams and underground water supplies with agricultural pesticides and fertilisers and with arsenic and other heavy metals from animal feed are environmental problems that will affect public health both now and well into the future. As biologist EO Wilson says: 'The key problem facing humanity in the coming century is how to bring a better quality of life -for 8 billion or more people -without wrecking the environment entirely in the attempt' 72 . The IAP system has grown along with the increase in average meat consumption by people living in highincome nations, particularly the USA. The system provides artificially cheap meat for the consumer, and consumer demand in turn fuels the IAP system. The amount of meat and saturated fat consumed exceeds nutritional needs and is responsible for increased rates of heart disease, stroke and some cancers. In addition, demand for animal foods will continue to increase world-wide as the population grows and rising incomes allow the adoption by urban élites everywhere of the high-meat/high-fat diet now typical in the USA. At the same time, nearly one billion people in the world lack sufficient food to meet basic nutritional needs 73 , in sharp contrast to the one billion in the world, mostly in high-income nations, who are overweight or obese.
Public health professionals have many opportunities to bring about change. The following actions would begin to address the health and environmental hazards of IAP.
Maximise incentives for sustainable agricultural tech-
niques that take into account local ecology and strive to achieve no net loss of topsoil, soil productivity, biological diversity, water and other resources. These would include mandatory nutrient management plans for agricultural land, pricing to regulate water use, and decreasing subsidies for the production of grain. 2. Curb the current increase in high-meat diets worldwide by changing policies to encourage diets lower in meat and saturated fat and higher in vegetable, fruits and grains. The US Department of Agriculture (USDA) Dietary Guidelines 2005 74 are an important step toward policies to improve human health andindirectly -agricultural practices. 3. Create a regulatory framework that captures the externalities of current meat production in the USA and includes these costs in the price of meat (e.g. the true cost of growing grain). 4. End commodity agricultural subsidies in the USA to increase the ability of poor farmers in low-and middleincome countries to develop a viable agricultural sector. Adding incentives for farmers to grow more healthful choices of fruits and vegetables would provide a more balanced system. 5. Improve the poor wages in the farm sector, another factor that keeps the cost of meat artificially low in the USA. If the workers in the meat industry (growers, slaughterhouse workers, catchers, line workers) all received adequate wages and benefits and safe working conditions were enforced, the price of meat would increase. In addition, an appropriate USDA inspection force would need to be funded by taxing the industry. 6. Strengthening the bridge between public health and the agriculture communities is necessary to address the environmental and health effects and unsustainable resource use of IAP. Establishing an agricultural section at the American Public Health Association would be one indication that public health has reclaimed food production as a very important area of concern for the health of the public now and in the future. Only then will we be able to change Wendell Berry's observation 75 that, 'There is no connection between food and health. People are fed by the food industry, which pays no attention to health, and are healed by the health industry, which pays no attention to food'.
Public health professionals -especially those with expertise in human nutrition -should lead in making the connection between food and the health of the public, the health of the food system, and the health of the ecosystem.
